Sulfur dioxide is one of the precursors of acid rain and desulfurization of the exhaust gases in iron ore sintering plants is essential. For the purpose of reducing SO2 emissions of iron ore sintering, flue gas circulation sintering (FGCS) process was employed to enrich SO2 content in off-gas in this work. Effects of simulated flue gas components involving O2, CO, SO2 and H2O(g) content and temperature on iron ore sintering properties were investigated in a laboratory scale sinter pot. Experimental results show that, compared with the conventional sintering process, the sinter quality became obviously worse when the O2 content in inlet gas was less than 18%. The presence of CO in inlet gas improved the sintering properties, so did the sensible heat of the heated inlet gas. However, either an excessive SO2 content of more than 1 000 ppm or H2O content of more than 5% in inlet gas would be detrimental for sintering and results in the sulfur retention in finished sinter. Thus, in the practice of FGCS, it is necessary to add O2 content up to no less than 18%, and keep H2O content less than 5% in the circulated flue gas. Beside, FGCS process is capable of enriching SO2 in off-gas with a peak value of 2 006 ppm when the SO2 content of inlet gas was 500 ppm, while the maximum SO2 content was 1 256 ppm in the conventional sintering process. SO2 concentrated in off-gas is more readily to be captured by the current flue gas desulfurization (FGD) technologies.
Introduction
Sulfur dioxide (SO 2 ) is one of the precursors of acid rain and it is very essential to remove it from the exhaust gases. 1) Approximately, 7.5% SO 2 emissions are attributed to the iron and steel industry in China. 2) Iron ore sintering unit is responsible for 73.9% of the total 1.76 Mt SO 2 emissions from the iron and steel industry of China in 2010.
3) Therefore, reducing SO 2 emissions from sintering plants is the key issue related to not only the sustainable development of iron and steel industry but also the environmental protection. 4, 5) The flue gas from iron ore sintering is characterized by low SO 2 content (<0.05 vol.%), complex gas composition and poor stability, huge volume with great fluctuation, wide temperature range, which is far different from those from coal-fired power plants. 6) Many strategies were proposed to mitigate SO 2 emissions from iron ore sintering, such as minimizing the sulfur content in the raw materials, 7, 8) sintering flue gas desulfurization (SFGD), 9, 10) flue gas circulation sintering (FGCS), and so on. 11) As for the SFGD technologies, it is difficult to capture SO 2 due to low content of sintering flue gas, which leads to extremely high capital and operational cost in practice. Furthermore, low desulfurization efficiency and complex by-products are also the bottlenecks for the existing SFGD processes. 5, 12) In the 1970s, an innovative flue gas circulation sintering (FGCS) process was initially put forward to utilize the surplus heat in exhaust gas of iron ore sintering in Japan. 13) Subsequently, emission optimizing sintering (EOS ® ) based on flue gas circulation was proposed by Outokumpu Technology in the 1990s. EOS ® technique bears the advantages of reducing the substantial off-gas volume by 50%-60%, saving energy owing to the heat release of the combustion of CO in off-gas, as well as significantly minimizing NO X , SO X , CO and CO 2 emissions, and markedly decreasing the capital and operational costs of off-gas cleaning. [14] [15] [16] It is evident that desulfurization optional cost can saved by 5% if SO 2 content in the off-gas is concentrated from 200 mg/m 3 to 400 mg/m 3 . 17) Therefore, FGCS is a promising technology for the reduction of not only emission volume but also capital and optional costs for the desulfurization of sintering flue gas.
However, previous studies mainly focused on the reuse of sensible and potential heat of the flue gas. The effects of the main components of flue gas on iron ore sintering properties remain un-known, as well as the behaviors of SO 2 in the FGCS process. Thus, to enhance the desulfurization of sintering flue gas based on the FGCS technological route, the effects of the main components of flue gas, including O 2 , CO, H 2 O and SO 2 content, on iron ore sintering were elucidated by simulated flue gas in laboratory, and the SO 2 behaviors of emission and retention were primarily investigated in this paper. Additionally, a comparison was brought into between conventional sintering process and FGCS process in terms of sintering properties and off-gas characteristics.
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Experimental

Materials
Raw materials used in this study including iron-bearing materials (iron ore fine and return fine) and basic fluxes (limestone, dolomite and burnt lime) were supplied by Hunan Valin Xiangtan Iron and Steel Co., Ltd.. The chemical compositions of the raw materials are shown in Table 1 . Proximate analysis of the coke breeze is shown in Table 2 . Size distributions of raw materials are shown in Table 3 .
Methods
Sintering Tests
Both the conventional sintering process and FGCS process were conducted in a laboratorial sinter pot which is 100 mm in diameter and 500 mm in height. Schematic diagram of the sintering apparatus is shown in Fig. 1 .
For FGCS process, flue gas was simulated by mixing air with compressed O2, CO, SO2 and N2 cylinders. Moreover, water vapor (H2O(g)) content of the inlet gas was adjusted by an ultrasonic nebulizer. The temperature of mixed gas was controlled by a heater (vertical resistance furnace). Gas analyser was used to continuously monitor and control the components of the inlet simulated flue gas and acquire O2, SO2, CO, CO2 content of the off-gas. The measurement principle of gases is based on the non-disperse infrared bench (NDIR) and electrochemical principle. CO, CO2 and O2 are measured by means of the infrared bench and SO2 in high ranges is measured with the electrochemical SO2 sensor. In addition, temperature is measured by thermocouple Type K (NiCr-Ni).
Sintering tests include proportioning, mixing, granulation, ignition, sintering, cooling and sieving. The sinter mixture was fixed as follows if not specified: return fine content is 20%, coke breeze content is 4.5%, burnt lime dosage is 5.5%, basicity (R=CaO/SiO2 ratio) is 2.2 and the moisture content is 7.8%. Main sintering conditions are presented in Table 4 .
The sinter mixture was proportioned and mixed manually, and then was charged into a granulator drum with 600 mm in diameter and 250 mm in length for granulation at 15 rpm for 4 min. The granulated mixture was charged into the sinter pot. To minish the 'edge effects', the granular refractory material was filled between the pot wall and sinter mixture bed in advance. Ignition was conducted at 1 150°C for 2.5 min under suction pressure of 5 kPa, and natural gas was used as ignition fuel. After ignition, room temperature air for conventional sintering process or simulated flue gas for FGCS process was sucked into the mixture bed respectively, and sintering was carried out at an initial suction pressure of 10 kPa with automatic adjustment during sintering. Subsequently, cooling followed for 3 min at 5 kPa suction pressure. 
Evaluation
The sinters produced in the pot were tested, and vertical sintering velocity (VSV), yield (Y) and productivity (P), ISO tumbling index (TI), residue sulfur content in the sinter and metallurgical properties of finished sinter (RDI, RI, smelting performances) were measured to evaluate the sintering properties.
Vertical sintering velocity (VSV, mm/min) was defined as sintering rate (Eq. (1) (1) where: H is the height of sintering bed (mm), and t is the sintering time (the total time from the ignition to the sintering end point) (min).
The cooled sinter went through shattering for four times from 2 m height, and screening at 5 × 5 mm, 10 × 10 mm, (2) where: MS is the mass of sinter cake (t), Y is the yield of finished sinter (%), A is the cross section area of sinter pot (m   2   ) and τ is the sintering time (h).
TI was measured according to the standard of ISO 3271-75. 1/5 ISO TI was adopted in this study, namely 3 kg sinter with the size of 5-40 mm after screening was used as the tumbling sample, and then screened at 6.3 × 6.3 mm after tumbling test. TI of the finished sinter was defined as the percentage of the fraction of oversize of 6.3 × 6.3 mm aperture.
The metallurgical properties of the finished sinter include reducibility index (RI), reduction disintegration index (RDI) and smelting performance. The RI and RDI were tested according to Chinese government standards of GB/T13241-91 and GB/T13242-91, respectively. The smelting performances were measured according to the Chinese metallurgical professional criterion, 18) expressed as Eqs. (3) and (4) (4) where: ΔTsa is the range of softening temperature (°C); ΔTdm is the range of melting temperature (°C); Ta is the softening beginning temperature determined as the temperature at 10% linear shrinkage ratio of the sample; Ts is the softening ending temperature determined as the temperature at 40% linear shrinkage ratio of the sample; Tm is the temperature of the bed pressure suddenly rising, which is defined as the temperature when the differential pressure equals to 1 000 Pa; and Td is the dripping temperature when the slag-iron begins to drip.
Results and Discussion
Conventional Process Sintering Tests
For the conventional sintering process, room temperature air was sucked into the sinter mixture bed at 10 kPa suction pressure until the end of sintering. The obtained optimal sintering indexes of the conventional sintering process were: VSV of 21.13 mm·min -1 , Y of 79.24%, P of 1.544 t·m -2 ·h -1
and TI of 50.26%. The changes of SO2, O2, CO2, CO content and temperature of off-gas are presented in Figs. 2 and 3 respectively. The results show that SO2 content in the off-gas initially ascended to 242 ppm during the ignition period due to the release of a small amount of SO2 accompanied by combustion of natural gas, and then varied between 150-200 ppm for a period after igniting. SO2 content rapidly increased to another peak value of 1 256 ppm owing to the release of SO2 from the wet zone of bed, and then sharply declined until the end of sintering. In regard to the off-gas temperature, after the SO2 content reached the second peak value, it began to rise due to the elimination of wet bed zone.
The emissions of COx in the sintering process are shown in Fig. 3 . After ignition stage, CO2 content was stabled at 13%-14% and CO maintained approximately 1%-2%. When the off-gas temperature began to rise, CO2 and CO content rapidly fell to nearly zero.
The variation of the O2 content of the off-gas was closely related to COx, but O2 has a contrary influence on the variation of CO2 and CO. Due to the consumption of O2 for combustion of fuel in the ignition stage, O2 content quickly decreased. After ignition, the O2 content in the off-gas gradually increased and maintained in the range of 9% to 12%. Approaching the end of sintering, O2 content increased rapidly to 21% because the coke breeze in the mixture was exhausted. 
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Effects of the Inlet Gas Components on FGCS Process
The influence of the inlet gas character, including O2, CO, SO2 and H2O(g) content and gas temperature, on the sintering were studied by simulated FGCS process, respectively.
Effect of O2 Content
The effect of O2 content of the inlet gas on sintering indexes was investigated, and the results are shown in Table  5 . As can be seen from Table 5 , O2 content of inlet gas played a significant role in sintering. With the increasing O2 content from 12% to 25%, VSV, TI, Y and P were improved gradually. Obviously, these indexes were much worse when O2 content of the inlet gas is less than 18%.
The above results indicate that sintering indexes would become worse when the sintering flue gas is directly applied for FGCS, as O2 content in the off-gas from the conventional sintering process is usually in the range of 9%-12% (seen from Fig. 3) . Therefore, measures of raising the oxygen potential of the inlet gas to keep O2 content more than 18% should be taken in the practice of FGCS process.
Effect of CO Content
The effect of variation of CO content from 0% to 5% on sintering was carried out ( Table 6 ). O2 content of the inlet gas was fixed at 18%. According to the results in Table 6 , when CO content increased from 0% to 5%, the sintering indexes were all obviously improved. TI went up to 55.53% at 5% CO content, which was obviously higher than that of conventional sintering process of 48.93%. Thus, the presence of a certain amount of CO in the inlet gas is favorable for the sinter productivity and considerably promotes the sinter quality.
In the view of the above findings, the presence of a certain amount of CO in the inlet gas is beneficial for the FGCS process. The reason relies on the fact that the combustion of CO can provide energy for sintering. Otherwise, an excess amount of CO would result in the increase of FeO content and poor reducibility, which is adverse to sinter quality.
Effect of SO2 Content
Sintering properties as the function of SO2 content in the range of 0 ppm to 3 000 ppm are shown in Table 7 . O2 content in the inlet gas was fixed at 18%. As seen from Table  7 , with the increasing of SO2 content in the inlet gas, VSV remained approximately constant, meanwhile Y, P and TI declined obviously. Compared with the results of conventional sintering process, there is no change in all of the sintering indexes when SO2 content is less than 500 ppm; when SO2 content increased to 1 000 ppm, the sintering indexes reduced slightly; and when SO2 content increased to 3 000 ppm, TI of sinter markedly declined to 40.75%. The above results show that SO2 doesn't cause obviously negative effect on sintering indexes until SO2 content in sintering gaseous medium exceeds 1 000 ppm. The reason may be that the presence of excess SO2 content results in the decrease of reactivity of CaO in the sinter mixture, contributing to the less formation of calcium ferrite as well as the decrease of sinter output and quality indexes.
In order to reveal the residual sulfur contents of the fin- Fig. 2 . Changes of SO2 content and temperature of the off-gas in conventional sintering process. Fig. 3 . Changes of O2, CO2 and CO content of the off-gas in conventional sintering process. ished sinters, sinters were sampled at the up, middle and bottom layer and sulfur contents were analyzed respectively. The residual sulfur in sinter is presented in Table 8 . Compared with the sinter obtained by conventional sintering process (no SO2 in the inlet gas), the residual sulfur content in sinter doesn't increase when sintered in the inlet gas with 500 ppm SO2, and the concentration of S in sinter increases slightly when SO2 content increased to 1 000 ppm; However, an obvious sulfur retention was detected in sinter if sinter gaseous medium contains 2 000-3 000 ppm SO2. The above results indicate that SO2 content of the inlet gas should be kept less than 500 ppm in FGCS process. Excessively high SO2 content in circulated flue gas may lead to a decrease of sintering output and quality indexes and the increase of residual sulfur in the sinter, and this should be seriously considered.
Effect of Water Vapor Content
Water vapor of the inlet gas is the major factor affecting the maximum temperature in the sintering bed 19) and SO2 retention. 20) Therefore, as for the FGCS, effect of H2O content in the inlet gas would be significant on the sintering properties and sulfur retention in the finished sinter. Sintering properties as the function of H2O content are shown in Table 9 . Temperature of the inlet gas was fixed at 200°C and H2O content varied from 0% to 30%.
According to the results in Table 9 , a small amount of 2% H2O would promote sintering process. H2O(g) content has negligible effect on VSV, while TI, Y and P decreased gradually with the further increase of H2O content from 2% to 30%, especially for TI. The above results indicate that the presence of 2% H2O is favorable for sintering, while an excessive H2O content of more than 5% would be detrimental. Thus, it is necessary to remove the excess H2O(g) content in FGCS process, as SFG usually contains more than 10% H2O content.
Effect of Inlet Gas Temperature
Sintering as the function of inlet gas temperature is shown in Table 10 . O2 content in the inlet gas was fixed at 18%. As shown in Table 10 , with the raised temperature of the inlet gas from room temperature to 300°C, all the sintering indexes were improved. This suggests that the sensible heat from the circulated flue gas is beneficial for sintering.
Comparisons between Conventional Sintering Pro-
cess and FGCS Process Based on the above single factor sintering test results, combined test was conducted further. The inlet gas was composed of 18% O2, 500 ppm SO2, 5% CO2, 1% CO, 5% water vapor, 71% N2, and the temperature of mixed gas is 150°C. The changes of SO2 content and temperature in FGCS are shown in Fig. 4 , along with the changes of O2, CO2 and CO content presented in Fig. 5 . Subsequently, the off-gas characteristics of FGCS were taken into comparison with those of conventional sintering (Figs. 2 and 3 ).
As can be seen from Figs. 4 and 5, the off-gas characteristics of FGCS process were different to those of the conventional sintering process. By contrast, SO2 content in the off-gas of the FGCS process had a peak value of 2 006 ppm, which was much higher than that of conventional sintering process with a peak value of 1 256 ppm. This means that SO2 content of the off-gas is concentrated in the FGCS process.
Comparisons of sintering properties and metallurgical properties of the finished sinter of conventional sintering process and FGCS process were further taken into, and the results are shown in Tables 11 and 12 . Compared with those of the conventional process, sintering properties involving VSV, Y, P and TI of the finished sinter present a slight decline in FGCS process. On the other hand, FGCS may lead to the increasing residual sulfur content in the finished sinter, especially under the conditions of excessively high SO2 content in the inlet gas.
VSV of FGCS is slower than that of conventional sintering; this is mainly attributed to the increase of permeation resistance of sinter bed. The presence of 5% water vapor of inlet gas of FGCS would results in a wider wet zone during sintering, which is closely related to the permeation resistance. Moreover, the longer sintering time of FGCS contributes to the decrease of outlet gas temperature than conventional sintering.
In regard to the metallurgical properties of the finished sinter as shown in Table 12 , RDI of the two products are similar to with each other, which indicates that FGCS resulted in negligible effect on the RDI of sinter product. The RI of the two products was higher than 85%, qualified for the blast furnace production. The above results show that the finished sinter obtained by FGCS process has good metallurgical performances.
Conclusions
Effects of the simulated flue gas components involving O2, CO, SO2, H2O(g) and gas temperature on iron ore sintering properties were investigated to provide technical guidance for the operation of FGCS in this study. The following conclusions were obtained:
(1) Effects of the inlet gas components and temperature on sintering show that, the sintering indexes became worse obviously when O2 content in inlet gas was less than 18%. The presence of CO in the inlet gas was favorable for promotion of sinter quality due to the fact that the combustion of CO can provide heat for sintering. Likewise, the sensible heat from the heated inlet gas was also beneficial for sintering. While an excessive SO2 content (over 1 000 ppm) and H2O(g) content (over 5%) would be detrimental for the sintering process and resulted in the sulfur retention in the finished sinter.
(2) Sintering results of FGCS process obtained under the selected inlet gas of 18% O2, 500 ppm SO2, 5% CO2, 1% CO, 5% H2O(g) and 71% N2 with temperature of 150°C, suggest that VSV, Y, P and TI of the finished sinter declined slightly, and the residual sulfur content in the finished sinter increased to a small extent, compared with those of conventional sintering process. The finished sinter of FGCS was possessed of good metallurgical properties. SO2 was enriched obviously in the off-gas of FGCS process. The peak value went up to 2 006 ppm, which was much higher than that of conventional sintering process with a peak value of 1 256 ppm. The concentration of SO2 is favorable for the desulphurization of the off-gas. 
